2 μm fiber lasers have attracted a large amount of attentions in recent decades, attributed to applications in LIDAR, gas sensing, medicine, material processing and nonlinear optics[@b1][@b2][@b3][@b4][@b5][@b6]. With the rapid development of 2 μm fiber-based devices and high-power pump sources, the power records of Tm- and Ho-doped silica fiber lasers operating at 2 μm have reached hundred- to kilo-watt level[@b7][@b8][@b9]. Besides these remarkable milestones, fiber laser techniques to achieve dual-wavelength lasing at 2 μm are also under considerable research, due to the prospective applications in the fields including next-generation optical fiber communication networks, ranging systems, spectroscopy, terahertz generation and mitigating stimulated Brillouin scattering effects in fiber amplifiers[@b10][@b11][@b12][@b13][@b14][@b15][@b16][@b17].

Dual-wavelength lasing at 2 μm could be realized by utilizing Tm- or Ho-doped silica fiber. Rapid progress of 2 μm dual-wavelength fiber lasers has been made in recent years. Different approaches have been employed in continuous-wave (CW) Tm- or Tm-Ho-co-doped fiber lasers to obtain stable dual-wavelength lasing, including techniques based on volume Bragg gratings[@b10], coupled laser cavities with cascaded fiber Bragg gratings (FBGs)[@b11][@b12], polarization hole burning by the means of high-birefringence fiber Bragg gratings (HB-FBGs)[@b13] or birefringence gain medium[@b14], cascaded filter[@b15], parallel connection of FBGs by using coupler[@b16], using photonic crystal fiber (PCF)[@b17] and multi-mode non-adiabatic taper fiber as wavelength-selective filter. While for pulsed fiber lasers at 2 μm, carbon nanotube (CNT) saturable absorber[@b18] and nonlinear optical loop mirror (NOLM)[@b19] have been employed in passive mode-locked fiber lasers to generate dual wavelengths.

High-power dual-wavelength fiber lasers with the operating wavelength at \>2 μm have potentials to be employed in the field of optical communications, remote sensing, or as a novel pump laser for dual-wavelength mid-infrared optical parametric oscillator. However, in these reported techniques to achieve dual-wavelength operation around 2 μm, the output powers were relatively low (less than \~100 mW) and the wavelengths were generally confined below 2.0 μm, which bring obstacles for the potential applications preferring powerful dual-wavelength laser sources with excellent property of propagation in the atmosphere. Only a few approaches succeeded in generating dual-wavelength laser exceeding 2.0 μm[@b15][@b18]. In 2012, A. Chamorovskiy *et al*. demonstrated a mode-locked Ho-doped fiber laser (HDFL) based on CNT saturable absorber, which could emit dual-wavelength soliton pulse at 2050 nm and 2075 nm with average power of 40 mW[@b18]. In 2016, S. Fu *et al*. reported a stable dual-wavelength Tm-Ho-co-doped fiber laser based on cascaded single-mode-multi-mode-single-mode (SM-MM-SM) structures[@b15], in which dual-wavelength fiber laser at 2002.8 nm and 2016.1 nm with 4.9 mW output power was achieved. Therefore, to further extend the applications fields of 2 μm dual-wavelength fiber lasers, high power and long operating wavelengths are in great demand.

Ho-doped silica fiber is a favorable gain medium to generate fiber laser above 2.0 μm, with longer operating wavelengths (\~2.05--2.15 μm) than Tm-doped silica fiber (\~1.90--2.05 μm). Powerful fiber lasers at 1.15 μm or 1.9 μm can be used as pump sources of HDFLs, which enables high power emission[@b9][@b20][@b21][@b22][@b23][@b24]. According to previous achievements[@b12], coupled cavity formed by large-mode-area (LMA) active fiber and two pairs of FBGs was a feasible approach to obtain high-power dual-wavelength operation at selected wavelengths. However, to the best of our knowledge, it has not been reported yet that achieving high-power dual-wavelength fiber lasers at \>2 μm by employing coupled cavity and Ho-doped silica fiber.

We reported a 100 W-level fiber at 1150 nm previously by simultaneously employing Yb and Raman gain[@b25], which is a suitable pump source of HDFL. In this paper, we demonstrated the first high-power CW dual-wavelength HDFL in an all-fiber coupled-cavity configuration using this powerful home-made fiber laser at 1150 nm as pump laser. The maximum output power reached \~22.3 W and the slope efficiency was 23% with center wavelengths at 2049 nm and 2153 nm. We demonstrated the power transfer process of dual-wavelength HDFL with large spectral spacing of exceeding 100 nm during the power scaling due to gain competition. The tunable range of power ratio was also discussed.

Laser Configuration
===================

The experimental setup of the dual-wavelength HDFL is schematically depicted in [Fig. 1](#f1){ref-type="fig"}. This HDFL consists of a powerful 1150 nm pump laser, a mode field adapter (MFA) to match different fiber geometries, a coupled cavity formed by two pairs of FBGs, and a piece of Ho-doped fiber. All the fiber-based devices were fusion spliced to ensure the HDFL compact and robust. The pump laser emitting from the 1150 nm fiber laser was directly launched into the core via a MFA. The fiber geometry of input port and output port of MFA were 10/125 μm and 25/250 μm respectively (diameter of core/inner cladding), which was used to match the pigtail of 1150 nm pump laser and the input port of HDFL. The pigtail of pump laser was 10/125 μm double-cladding fiber. The fiber geometries of Ho-doped fiber and pigtails of FBGs were all 25/250 μm. The coupled cavity of this HDFL was formed by two pairs of FBGs. One pair centered at 2049 nm with reflectivity of 99% and 10% respectively, and the other centered at 2153 nm with the reflectivity of 99% and 59%. The 3 dB bandwidths of 2049 nm FBGs were 2.0 nm and 1.6 nm, respectively. And the 3 dB bandwidths of 2153 nm FBGs were 1.3 nm and 1.0 nm. A piece of 1.0 m double-cladding HDF served as the gain medium of dual-wavelength HDFL, which was in the center of coupled cavity (see [Fig. 1](#f1){ref-type="fig"}). The core absorption coefficient of HDF was \~20 dB/m at 1150 nm. The fusion splices between Ho-doped fiber, 2153 nm OC (output coupler) FBG and 2049 nm OC FBG were coated by high-refractive-index gel to strip unabsorbed pump light. All the fusion splices and fiber-based devices of HDFL were fixed on a water-cooled heat sink to dissipate heat load in fiber. The output pigtail of 2049 nm OC FBG was angle-cleaved to avoid unwanted feedback from fiber facet.

To separate signal laser at 2 μm and residual pump laser at 1.15 μm emitting from the angle-cleaved output port of HDFL, a dichroic mirror with high reflectivity at \~2 μm and high transmittance at \~1 μm was used. All the spectra and powers shown below were measured and recorded from the reflected signal laser. We used a piece of multi-mode fiber to couple the signal laser into an optical spectrum analyzer (OSA) with 0.2 nm resolution to analyze output spectra of the dual-wavelength HDFL. Power meters were employed to measure the power of signal laser reflected by the dichroic mirror.

Results and Discussion
======================

Due to the gain competition in the dual-wavelength coupled-cavity HDFL, the powers and spectra of output lasers varied with the increase of pump laser, especially when the spectral spacing was as high as 104 nm which indicates large difference of cross sections. The optical spectra with various incident 1150 nm pump powers are shown in [Fig. 2](#f2){ref-type="fig"}. Two peaks at 2049 nm and 2153 nm were observed simultaneously in the experiment, which corresponded to the reflectivity spectra of FBGs. As the reflectivity of 2153 nm OC FBG (59%) is much higher than that of 2049 nm OC FBG, it is easy to meet the requirements of resonance at 2153 nm in this coupled cavity despite the low emission cross section. Thus, when the pump power was lower than 16 W, only 2153 nm laser emitted. Then 2049 nm laser emerged when more pump power was launched into cavity. With the further increase of pump power, both gains at 2049 nm and 2153 nm became stronger which lead to gain competition among limited excited Ho ions. Amplified spontaneous emission (ASE) and parasitic oscillation were suppressed efficiently, even though 2153 nm is near the long-wavelength gain spectrum edge of silica-based HDF. To clarify the process of power transfer and gain competition during the power scaling of dual-wavelength HDFL, we calculated and analyzed the ratios and powers of lasers at 2049 nm and 2153 nm under different pump powers individually.

By numerical integrating the spectra in [Fig. 2](#f2){ref-type="fig"}, we obtained power ratios of lasers at 2049 nm and 2153 nm to total powers. Therefore, powers at 2049 nm and 2153 nm could be estimated after measuring the total output power of dual-wavelength HDFL. The output powers and ratios of dual-wavelength HDFL under different pump powers are shown in [Fig. 3](#f3){ref-type="fig"}. As shown in [Fig. 3(a)](#f3){ref-type="fig"}, the maximum output power of dual-wavelength HDFL was \~22.3 W with \~20 W at 2049 nm and \~2.3 W at 2153 nm, in which lasers at 2049 nm took a dominant place. The slope efficiency of this dual-wavelength HDFL was 23% with respect to incident 1150 nm pump power, which is comparable to the efficiency of reported HDFLs operating at common wavelengths (\~2.05--2.10 μm) when core-pumped by diode[@b26], Yb-doped fiber laser[@b20], Raman fiber laser[@b21] or random distributed feedback fiber laser[@b22] at 1.15 μm. The power of 2153 nm laser peaked at \~5 W and lasing at 2049 nm was just observed, when the incident pump power reached \~18 W. By further increasing the pump power, laser power at 2049 nm continuously improved while laser power at 2153 nm was in a downward trend. When the pump power was 32 W, the power of 2049 nm and 2153 nm was equally at \~4 W. The power ratios of dual-wavelength HDFL was shown in [Fig. 3(b)](#f3){ref-type="fig"}. The dashed line was added in the figure to denote unity power ratio, which means that the signal powers at 2049 nm and 2153 nm are equal. When the pump power was around the threshold of 2049 nm laser, power ratio of 2153 nm to 2049 nm was measured as high as 26 times. The corresponding spectrum was shown in the first inset of [Fig. 3(b)](#f3){ref-type="fig"}. When we increased the pump power to 32 W, the dual-wavelength lasing with equal optical intensity was achieved, and the spectrum was shown in the second inset. Due to the increased gain at 2049 nm with improved pump power, power of 2049 nm exceeded that of 2153 nm when the pump power beyond 32 W. At the maximum pump power of 94 W, the power of 2049 nm laser was improved to 8 times of 2153 nm laser, and the spectrum was demonstrated in the last inset. Thus, in the current dual-wavelength HDFL with the HDF length of 1.0 m and corresponding reflectivity of coupled cavity, the power ratio of two signal wavelengths could be easily tuned by altering the pump power.

The gain competition between lasers at 2049 nm and 2153 nm could be illustrated schematically in [Fig. 4](#f4){ref-type="fig"}. As we know, the gain cross section changed with population of excited ions, thus different pump powers result in different gain cross sections. With the increase of excited Ho ions population, the gain cross section at 2049 nm will eventually surpass that at 2153 nm in Ho:silica[@b27]. Moreover, in the dual-wavelength HDFL, the reflectivity of OC FBG at 2153 nm was 59%, which is much higher than that of OC FBG at 2049 nm (10%). Therefore, when the incident pump power was low (as the case of 16 W pump power), the net gain of 2153 nm laser was higher, and 2153 nm laser emitted with several watt power while 2049 nm laser was just above the threshold. As the case of 32 W pump power in the experiment, the gain cross section at 2049 nm increased more rapidly and surpassed that of 2153 nm laser, which balanced the cavity loss and led to equal net gain at two wavelengths in the coupled cavity. Once the pump power increases beyond that 'balanced point', laser at 2049 nm will take the dominant place afterwards as the case of 94 W pump power. As a result, it is feasible to further increase the equal power level of two wavelengths by increasing that 'balanced point', such as enhancing the reflectivity of 2153 nm OC FBG, and/or decreasing the reflectivity of 2049 nm OC FBG. In the current dual-wavelength HDFL, the maximum output power and power-ratio-tunable range are limited by parameters including active fiber length and FBG reflectivity. Besides, the coupled-cavity configuration is flexible to achieve CW dual-wavelength or multi-wavelength lasing by replacing the FBG pairs with different central wavelengths, and the principle on choosing cavity parameters are similar as mentioned above.

We also measured the spectral stability of this dual-wavelength HDFL and the results are depicted in [Fig. 5](#f5){ref-type="fig"}. When monitoring the spectra, a fixed multi-mode fiber was employed to couple part of output signal laser into OSA. As stated previously, the HDFL just started to operate in dual-wavelength mode when the pump power reached 16 W, and the powers at two signal wavelengths became nearly equal when 32 W pump power launched into the coupled cavity. The optical spectra under the pump power of 16 W and 32 W with more than 20 minutes operating time are shown in [Fig. 5 (a) and (b)](#f5){ref-type="fig"}, respectively. There weren't any ASE or parasitic oscillation observed in the range of 2000 nm to 2200 nm, which indicated the spectral purity of dual-wavelength HDFL. In [Fig. 5(b)](#f5){ref-type="fig"}, the optical signal-to-noise ratios (SNR) for both wavelengths were kept exceeding 25 dB. By integrating the spectra in [Fig. 5 (a) and (b)](#f5){ref-type="fig"}, the fluctuations of coupled dual-wavelength optical intensity are shown in [Fig. 5(c)](#f5){ref-type="fig"}. Mode competition is believed as the main reason that leads to power fluctuation in the dual-wavelength fiber laser, which could get weaken when the gain saturation occurred such as by improving pump power[@b28]. In this dual-wavelength HDFL, the power fluctuation decreased to 1.8 dB after improving the pump power to 32 W.

Conclusion
==========

In conclusion, we reported the first high-power CW dual-wavelength HDFL at 2 micron with the power exceeding ten-watt level, and the first dual-wavelength HDFL with the center wavelengths exceeding 2.0 μm and 2.15 μm, respectively. A 100 W-level laser diode-pumped fiber laser at 1150 nm served as the pump laser. The dual-wavelength HDFL peaked at 2049 nm and 2153 nm. The maximum output power reached \~22.3 W and the slope efficiency was 23% with respect to incident pump power. The dual-wavelength power ratio could be tuned in a large range by changing the pump power in the coupled-cavity configuration with the help of gain competition. Moreover, such high-power and power-ratio-tunable dual-wavelength HDFL is favorable to be employed as seed laser of dual-wavelength MOPA to realize high power emission with large spectral spacing, or be employed as seed laser of nonlinear MOPA[@b29][@b30] to achieve powerful lasing at long wavelength with small gain cross section, which has many prospective applications such as optical communication at 2 microns. Also, the high-power dual-wavelength HDFL could also be used as a compact pump source of optical parametric oscillator.
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![Experimental setup of dual-wavelength Ho-doped fiber laser pumped by a high-power 1150 nm fiber laser.\
MFA: mode field adapter; HR: high-reflectivity; OC: output-coupler; FBG: fiber Bragg grating; HDF: Ho-doped fiber; HT: high-transmittance.](srep42402-f1){#f1}

![Optical spectra of coupled-cavity HDFL with various pump powers.](srep42402-f2){#f2}

![Powers and ratios of dual-wavelength HDFL under different pump powers.\
(**a**) Powers at 2049 nm (red upper triangles) and 2153 nm (blue lower triangles) of dual-wavelength HDFL, and total output power (black circles). (**b**) Power ratios of dual-wavelength HDFL. Insets in (**b**) are spectra with various pump powers of 16 W, 32 W and 94 W, respectively.](srep42402-f3){#f3}

![Schematic diagram of the dual-wavelength HDFL in a coupled-cavity configuration under different pump powers.\
The gain cross sections of Ho ions in silica fiber are schematically shown in dash dot lines. The reflectivities of HR and OC FBGs were shown in blue and red lines, respectively.](srep42402-f4){#f4}

![Dual-wavelength operation of coupled-cavity HDFL under two different pump powers.\
(**a**): 16 W pump power; (**b**): 32 W pump power; (**c**) Fluctuations of coupled optical intensity.](srep42402-f5){#f5}
